We evaluated the activities of meropenem, imipenem, temocillin, piperacillin, and ceftazidime by determination of the MICs for 66 genotypically characterized Burkholderia cepacia isolates obtained from the sputum of cystic fibrosis patients. In vitro synergy assays, as performed by the time-kill methodology, of two-and three-drug combinations of the ␤-lactams with tobramycin, rifampin, and/or ciprofloxacin were also performed with 10 strains susceptible, intermediate, or resistant to fluoroquinolones. On the basis of the MICs, meropenem and temocillin were the most active ␤-lactam agents, with MICs at which 90% of isolates are inhibited of 8 and 32 g/ml, respectively. The addition of ciprofloxacin significantly enhanced the killing activities of piperacillin, imipenem, and meropenem against the 10 strains tested (P < 0.05). The best killing activity was obtained with the combination of meropenem and ciprofloxacin, with bactericidal activity of 3.31 ؎ 0.36 log 10 CFU/ml (P < 0.05). Compared to the activity of the two-drug ␤-lactam-ciprofloxacin combination, the addition of rifampin or tobramycin did not significantly increase the killing activity (P > 0.05). The three-drug combinations (with or without ciprofloxacin) significantly enhanced the killing activities of piperacillin, imipenem, and meropenem relative to the activities of the ␤-lactams used alone (P < 0.05). The combination ␤-lactam-ciprofloxacin-tobramycin was the combination with the most consistently synergistic effect.
floxacin, rifampin, trimethoprim-sulfamethoxazole (TMP-SMZ), minocycline, and tobramycin.
Susceptibility testing. (i) Antibiotic susceptibility pattern. Antibiotic susceptibility patterns were determined by the disk diffusion method according to the National Committee for Clinical Laboratory Standards (NCCLS) criteria (29, 31) . Mueller-Hinton plates (Pasteur Diagnostic, Marnes la Coquette, France) were inoculated with a 0.5 McFarland standard suspension of organisms, and disks (Pasteur Diagnostic) were applied. Zones of growth inhibition were recorded in millimeters after overnight incubation at 35°C.
(ii) MIC determinations. The antibiotics were obtained from the manufacturers as powders suitable for susceptibility testing. MICs were determined by the dilution method on Mueller-Hinton agar plates as recommended by NCCLS (30) . The replicator prong delivered approximately 10 4 CFU per spot. The MIC 50 and MIC 90 were defined as the concentrations at which 50 and 90% of the strains were inhibited, respectively. NCCLS breakpoints for nonmembers of the family Enterobacteriaceae were used to define susceptibility to all drugs except temocillin and rifampin, for which there are no NCCLS recommendations (31) . For temocillin and rifampin we used the breakpoints recommended by Fuchs et al. (14) and the Comité de l'Antibiogramme de la Société Française de Microbiologie (12) , respectively. To avoid duplication, the MIC determination was not repeated when a strain with an identical ribotype and antibiotic susceptibility pattern was isolated twice in the same care center.
Synergy and killing activities. The synergy and killing activities of the drugs against 10 strains were determined. The 10 strains were genotypically unrelated on the basis of their ribotypes and antibiotic susceptibility patterns. Microtiter plates (Consortium de Matériel pour Laboratoires, Nemours, France) were used to perform the synergy assays and to determine the killing activities for these 10 strains, as described previously (13, 43, 44) . A 24-h incubation period with an exponential-phase culture adjusted to approximately 10 5 CFU/ml in MuellerHinton broth with calcium and magnesium concentrations adjusted to 20 and 10 g/ml, respectively, was used. Each ␤-lactam agent was tested alone and in twoand three-drug combinations with ciprofloxacin, tobramycin, or rifampin. The antibiotics were assessed for their synergistic effects and killing activities at 0.5 and 1ϫ the MIC, respectively; these concentrations are close to the usual concentrations found in sputum (15, 19, 20, 25, 41) . However, because the MICs of imipenem, rifampin, tobramycin, and ciprofloxacin (to which the strains are resistant) for B. cepacia are far higher than the achievable concentrations in sputum, we used imipenem, rifampin, and ciprofloxacin concentrations of 2 g/ml and a tobramycin concentration of 1 g/ml to approach the levels achieved in sputum (19, 23, 37, 38) . Viability counts were made at 24 h by plating 50 l from each well onto chocolate agar plates with a Spiral plater (Spiral Systems Inc., Cincinnati, Ohio). The numbers of viable bacteria were counted by the Spiral Systems quadrant counting method after 24 h of incubation at 37°C in room air. The detection limit was 20 CFU/ml. Given the drug concentrations used, significant antibiotic carryover could be ruled out (45) .
Preliminary experiments indicated that resistant mutants were selected in the presence of the ␤-lactam antibiotics and ciprofloxacin at a frequency of about 10 Ϫ6 at a concentration of 1ϫ the MIC, and regrowth in the assay wells prevented the detection of antibiotic activity. Thus, an inoculum of 10 5 CFU/ml was used to assess the killing activity synergies of the various combinations of antibiotics. Moreover, to confirm that bacterial growth after 24 h of incubation was not due to the selection of resistant mutants, the susceptibilities of viable bacteria were compared with those of the initial strains (which were redetermined at the same time) by the disk diffusion method according to NCCLS criteria (29) . When a significant reduction in the diameter of the inhibition zone (Ն4 mm) was observed, survivors were considered to be resistant mutants and the killing activity results were not recorded. Indeed, preliminary experiments showed that the mean standard deviation of the inhibition zone diameter was 4 mm for a given strain when the disk diffusion test was repeated 10 times.
A synergistic effect was defined as a 100-fold (2 log 10 ) fall in the numbers of CFU per milliliter induced by the drug combination relative to the value obtained with the single most effective antibiotic in the combination. Bactericidal activity was defined as a reduction of at least 3 log 10 CFU/ml after 24 h. Student's paired t test was used to test for statistical significance, and P values of less than 0.05 were considered significant.
RESULTS
Ribotyping generated 32 different patterns for the 95 clinical isolates; 29 isolates were considered duplicates and the MICs for those isolates were not determined.
The MICs of the antibiotics tested and the percentage of susceptible strains among the remaining 66 isolates are reported in Table 1 . Among the ␤-lactam agents, temocillin and meropenem had the best inhibitory activities, with 82 and 67% of strains being susceptible to the two drugs, respectively (MIC 90 , 32 and 8 g/ml, respectively). Among the non ␤-lactam agents, TMP-SMZ and minocycline had the best antimicrobial activities, with 62 and 47% of strains being susceptible, respectively (MIC 90 s, 8/152 and 64 g/ml, respectively).
The synergistic effects and killing activities of the antibiotics alone and in combination were determined with 10 strains distinguished by their ribotypes and antibiotic susceptibility patterns. The 10 strains used were all susceptible to the ␤-lactam agents tested (except for imipenem). Preliminary experiments showed that the use of resistant strains resulted in their growth in the assay well and prevented the detection of antibiotic activity at clinically achievable concentrations in sputum. The ranges of MICs for the 10 strains were as follows: piperacillin, 2 to 16 g/ml; ceftazidime, 1 to 4 g/ml; imipenem, 8 to 32 g/ml; meropenem, 1 to 4 g/ml; and temocillin, 2 to 8 g/ml. Seven strains were susceptible or intermediate to ciprofloxacin, with MICs ranging from 1 to 2 g/ml. Synergistic effects and killing activities, determined at 0.5 and 1ϫ the MIC, respectively, are reported in Fig. 1 and Table 2 , respectively.
The effects of two-drug combinations comprising a ␤-lactam agent (at 0.5ϫ the MIC) and ciprofloxacin, rifampin, or tobramycin were synergistic against 30 to 62%, 0 to 10%, and 0 to 37% of the strains, respectively (Fig. 1) . The two-drug combination observed to have the most synergistic effect was ceftazidime-ciprofloxacin. At 1ϫ the MIC (Table 2) , the maximal fall in bacterial counts was 1.14 log 10 CFU/ml with the ␤-lactams tested alone. The addition of ciprofloxacin significantly enhanced the mean killing activities of piperacillin, imipenem, piperacillin, Յ16, 32 to 64, and Ն128 g/ml; ceftazidime, Յ8, 16, and Ն32 g/ml; imipenem and meropenem, Յ4, 8, and Ն16 g/ml; temocillin, Յ16 and Ն32 g/ml; ciprofloxacin Յ1, 2, and Ն4 g/ml; rifampin Յ4, 8, and Ͼ16 g/ml; TMP-SMZ Յ2/38 and Ն4/76 g/ml; minocycline Յ4, 8, and Ն16 g/ml; and tobramycin Յ4, 8, and Ն16 g/ml. ND, not determined. For temocillin and TMP-SMZ there is no intermediate category. and meropenem against the 10 tested strains (P Ͻ 0.05). The best killing activity at 1ϫ the MIC was obtained with the combination of meropenem and ciprofloxacin, with bactericidal activity of 3.31 Ϯ 0.36 log 10 CFU/ml (P Ͻ 0.05). However, the addition of ciprofloxacin to the ␤-lactams did not enhance their killing activities against the three fluoroquinolone-resistant strains (MICs, 32 to 64 g/ml) except in the cases of meropenem and piperacillin, which caused decreases of 2.7 Ϯ 0 and 1.9 Ϯ 1.55 log 10 CFU/ml, respectively. The addition of tobramycin or rifampin did not enhance the killing activities against any of the strains compared to those of the ␤-lactams alone (P Ͼ 0.05).
The three-drug ␤-lactam-tobramycin-rifampin combinations showed synergistic effects against 0 to 33% of the strains. A greater synergistic effect (30 to 80% of strains) was obtained with the ␤-lactam-ciprofloxacin-rifampin or ␤-lactam-ciprofloxacin-tobramycin combinations (Fig. 1) . The combination of ␤-lactams (except imipenem) with ciprofloxacin and tobramycin was the one with the most consistently synergistic effects (against more than 60% of the strains). The addition of tobramycin to the combination of meropenem or temocillin plus rifampin did not result in a greater synergistic effect (Fig. 1) .
Compared to the two-drug ␤-lactam-ciprofloxacin combination, the addition of rifampin or tobramycin did not significantly increase the mean killing activity (P Ͼ 0.05) when 1ϫ the MIC was used ( Table 2 ). The three-drug combinations at 1ϫ the MIC (with or without ciprofloxacin) significantly enhanced the killing activities of piperacillin, imipenem, and meropenem relative to those of the ␤-lactams used alone (P Ͻ 0.05). The killing activity of ceftazidime combined with ciprofloxacin and rifampin or tobramycin was significantly superior to that of ceftazidime alone (P Ͻ 0.05). In contrast, the killing activity of temocillin in any of the two-or three-drug combinations was not significantly enhanced (P Ͼ 0.05).
DISCUSSION
The multiple-antibiotic resistance of B. cepacia has been attributed to an impermeable selective outer membrane (1, 28, 32) , an efflux pump mechanism (7), and/or the production of an inducible chromosomal ␤-lactamase (3, 34) . Given the reported spread of epidemic strains (17, 33, 36) , we determined the MICs for all the strains that were isolated from patients within the same care center and that had different ribotypes and/or antibiotic susceptibility patterns. The MICs observed in our study are consistent with those reported elsewhere for all the drugs tested except sulbactam (10, 21, 26, 27, 33, 44) . Contrary to Jacoby and Sutton (21), we found that sulbactam was poorly active, with MIC 50 s above 64 g/ml, possibly because we tested isolates from CF patients. On the basis of the MICs, temocillin and meropenem were the most active ␤-lactam agents, with no cross-resistance with imipenem, in agreement with Lewin et al. (26) and Pitt et al. (33) . Meropenem also had the narrowest MIC range. This may be explained by its recent introduction in France. However, the long-term impact of meropenem use on resistance rates among B. cepacia is unknown. The other antibacterial agents used to treat CF patients, such as piperacillin, ceftazidime, imipenem, and ciprofloxacin, had wider MIC ranges, probably because of the emergence of resistant mutants in vivo. This has been docu- a Unless indicated otherwise, all antibiotics were tested at 1ϫ the MIC. Imipenem, rifampin, and ciprofloxacin (for ciprofloxacin-resistant strains) and tobramycin were tested at the usual concentrations achieved in sputum (2 and 1 g/ml, respectively).
b As, all strains. mented with Pseudomonas aeruginosa (15, 18) but may also occur with B. cepacia, because the migration of insertion sequences within the chromosome can affect the expression of genes that modulate antibiotic resistance (35) . Previous studies have shown the value of antibiotic combinations such as ␤-lactam-ciprofloxacin, ␤-lactam-ciprofloxacin-rifampin, and ␤-lactam-aminoglycoside against B. cepacia (2, 6, 10, 24, 27) and ␤-lactam-aminoglycoside-rifampin against P. aeruginosa (46, 47) . We therefore tested the activities of two-and three-drug combinations of these antibiotics against our strains. Among the aminoglycosides, we chose tobramycin, the MICs of which are lower than those of gentamicin and amikacin (27, 33 ). The antibiotics were tested at 0.5 and 1ϫ the MICs to improve the detection of synergy (13) and to reflect clinical conditions. Except for imipenem, rifampin, tobramycin, and ciprofloxacin (to which strains were resistant), the achievable concentrations in sputum were close to the relevant MICs (15, 19, 20, 23, 25, 37, 38, 41) .
The potential of the use of ␤-lactam-ciprofloxacin combinations against B. cepacia has been investigated previously (6, 24, 27) . Most of the latter studies were based on fractional inhibitory concentration indexes and gave variable results. In this study, which was based on the time-kill method, the addition of ciprofloxacin significantly increased the killing activities of piperacillin and meropenem and, to a lesser extent, that of imipenem against all strains susceptible or intermediate to fluoroquinolones. The synergistic effect of such combinations was superior to that of ␤-lactam combinations with aminoglycosides or rifampin. The results are consistent with those of Kumar et al. (24) but are in disagreement with those of Lu et al. (27) ; those investigators tested imipenem plus rifampin or ciprofloxacin and ceftazidime plus ciprofloxacin or amikacin, respectively. The discrepancies may be explained by the origins of the strains (isolates from CF patients in the study of Kumar et al. [24] and invasive strains in the work of Lu et al. [27] ) and by the methodology used to detect synergistic effects. Indeed, no correlation between the results obtained by the killing curve method used by Kumar et al. (24) and the results obtained by the checkerboard method used by Lu et al. (27) has been reported (9) . However, synergy is best detected by the time-kill methodology, which is more able to predict the outcome of antibiotic treatment (22) .
A bactericidal effect was achieved by adding meropenem to ciprofloxacin. However, with the three ciprofloxacin-resistant strains tested, the decrease was less than 3 log 10 CFU/ml.
Clinical trial data on the eradication of B. cepacia from CF patients are highly limited (8, 11, 15, 18, 40) . Published results from trials involving small numbers of patients suggest a potential value of temocillin and the disappointing activity of ceftazidime (15, 40) . The two-and three-drug combinations proposed in our study and the use of meropenem may be of interest in this setting. Clinical trials are required to corroborate our in vitro data.
